Scanning X-ray microdiffraction (mSXRD) combines the use of highbrilliance synchrotron sources with the latest achromatic X-ray focusing optics and fast large-area two-dimensional-detector technology. Using white beams or a combination of white and monochromatic beams, this technique allows for the orientation and strain/stress mapping of polycrystalline thin ®lms with submicrometer spatial resolution. The technique is described in detail as applied to the study of thin aluminium and copper blanket ®lms and lines following electromigration testing and/or thermal cycling experiments. It is shown that there are signi®cant orientation and strain/stress variations between grains and inside individual grains. A polycrystalline ®lm when investigated at the granular (micrometer) level shows a highly mechanically inhomogeneous medium that allows insight into its mesoscopic properties. If the mSXRD data are averaged over a macroscopic range, results show good agreement with direct macroscopic texture and stress measurements.
Introduction
X-ray diffraction is a powerful, almost century-old, technique that is routinely used in laboratory and synchrotron sources to study the structural properties of materials. Compared with electron probes, X-rays offer the advantages of deeper penetration depth (so that bulk and buried samples can be investigated), virtually no sample preparation and measurement under a variety of different conditions (in air, liquid, gas, vacuum, at different temperatures and pressures).
By combining high-brilliance synchrotron sources, recent progress in X-ray focusing optics, large two-dimensional area fast-detector technology and on-line two-dimensional diffraction-pattern analysis codes, it is now possible to scan samples under a submicrometer polychromatic or monochromatic beam and obtain spatial maps of grain orientation, strain/stress and/or microtopographical information. To obtain these maps, a diffraction pattern is taken and analyzed at each point of the spatial map. EBSD (electron back-scatter diffraction) is the closest equivalent in scanning electron microscopy (SEM) to the technique of scanning X-ray microdiffraction (mSXRD) that is presented in this paper. However, mSXRD is superior to EBSD in strain/stress sensitivity, grain-orientation measurement accuracy and depth-probing capability.
mSXRD using a monochromatic beam and CCD detector has been systematically used for several years at the ESRF (Riekel, 2000) . The combination of monochromatic mSXRD with scanning X-ray micro¯uorescence (mSXRF) has been applied to the microanalysis of¯y ash particles (Rindby et al., 1997) . Monochromatic mSXRD using an X-ray waveguide capable of a spatial resolution of 100 nm (Mu È ller et al., 2000) has been used for strain mapping of micrometer-and submicrometer-size oxidized lines on silicon (Di Fonzo et al., 2000) . The application of monochromatic mSXRD to studies of deformation in bulk polycrystalline materials has been recently demonstrated with a three-dimensional X-ray microscope (Margulies et al., 2001) . At the Advanced Light Source, monochromatic mSXRD was used to map the distribution of a given crystalline species in highly inhomogeneous multicompound samples, such as soils. The technique consists of collecting and indexing powder ring patterns at each point. By performing the intensity integration over selected arcs of each of these diffraction patterns, a distribution map of a given mineral species is obtained. This has been applied to earth and environmental science problems and it was recently shown that the synergistic use of three synchrotron-microprobe techniques [mSXRF, microextended X-ray absorption spectroscopy (mEXAFS) and mSXRD (Manceau et al., 2002) ] is the right tool to decipher metal sequestration in soil nodules, with the cleaning of contaminated sites as a practical application.
The systematic use of white-beam mSXRD or its combination with monochromatic mSXRD is comparatively far less advanced, and the development of this technique at the Advanced Light Source is the focus of the present paper. The concept of using a white-beam diffraction pattern for texture and strain/stress measurements in polycrystalline thin ®lms has been previously demonstrated at the Advanced Photon Source and the Advanced Light Source (Chang et al., 1998) .
A number of focusing optics have been developed for X-rays during the past decade, including Fresnel zone plates (Lai et al., 1992) , refractive compounds lenses (Snigirev et al., 1996 ), capillaries (Engstro È m et al., 1991 Thiel et al., 1992; Bilderback et al., 1994) , waveguides (Spiller & Segmu È ller, 1974; Jark et al., 1996; Di Fonzo et al., 2000) and Bragg±Fresnel optics (Aristov et al., 1986; Kuznetsov et al., 1994) . However, ultra-smooth mirrors in a Kirkpatrick±Baez (KB) orthogonal con®guration (Kirkpatrick & Baez, 1948) are the only optics to combine achromaticity, high ef®ciency and good focus. Since the use of a white beam is an important part of the mSXRD technique described below, achromatic KB mirrors have been chosen as our focusing optics. To obtain a submicrometer-focused beam size with KB mirrors requires the mirrors to have an elliptical shape with submicroradian slope-error tolerance. There are currently two techniques that can do this: the bending of a¯at mirror (Iida & Hirano, 1996; MacDowell et al., 2001; Hignette, Rostaing et al., 2001) , and the differential coating of a spherical mirror (Ice, Chung, Tischler et al., 2000) . Mirror ®gure errors can be further corrected by ion-beam ®guring, as recently demonstrated by Hignette, Peffen et al. (2001) . All techniques have achieved a spot size of under 0.5 mm. We use thē at-mirror bending technique to achieve a submicrometer focus .
Modern CCD detectors provide a large active area (enabling the collection of a large solid angle of the reciprocal space), fast collection and readout time, adequate dynamic range, and good¯ood and spatial distortion corrections. CCD detectors are therefore well suited to the fast collection and recording of diffraction patterns, which can be directly fed into an on-line pattern-analysis program.
Sample rotation must, in general, be avoided in mSXRD techniques, not only for data-collection time-ef®ciency reasons but also because any sample tilt would change the scattering volume even if the sphere of confusion of the goniometer is negligible (Ice, Chung, Lowe et al., 2000) . The use of white light instead of monochromatic light is an ef®cient way to collect in a single shot the large number of re¯ections necessary to derive information such as grain orientation and strain. White-beam diffraction data is not suf®cient to derive all the strain information in the sample, and the use of a monochromatic beam can be necessary. Therefore the beamline instrumentation is required to be able to easily switch between white and monochromatic beams while illuminating the same area on the sample, independent of the energy. A speci®c type of monochromator was therefore designed to achieve this goal. An alternative monochromator design for this kind of application has been developed at the Advanced Photon Source (Ice, Chung, Lowe et al., 2000) .
The rest of the present paper is divided into four sections. x2 describes the hardware at the microdiffraction end station on beamline 7.3.3 at the Advanced Light Source. x3 explains the algorithm used to analyze the data. x4 shows how the technique can be applied to tackle real materials science problems. Other considerations of the mSXRD technique are addressed in x5.
End-station layout and hardware description
A schematic layout of the X-ray microdiffraction beamline and end station is shown in Fig. 1 . The X-ray beam from a bending-magnet source (1.9 GeV, 400 mA, 250 mm FWHM Â 40 mm FWHM, up to 3 Â 0.2 mrad divergence horizontally and vertically, respectively) is 1:1 refocused at the entrance of the hutch by a 700 mm-long platinum-coated silicon toroidal mirror operating at a grazing angle of 5.4 mrad. Water-cooled tungsten slits at the entrance of the hutch act as an adjustable size source for the KB demagnifying optics inside the hutch. This optical arrangement allows a trade off between¯ux and spot size.
The focusing optics consist of an orthogonal pair of 100 mm-long platinum-coated fused-silica KB mirrors bent to an elliptical shape by applying asymmetric couples through weak-leaf springs. The principle of these KB mirrors has been described elsewhere . The current KB mirrors achieve a spot size of 0.8 Â 0.8 mm FWHM, and the setting has proved to be very stable over time when the temperature variations are constrained to be less than 0.2 K. The distance from the center of the last KB mirror to the sample is 120 mm, which gives a sample clearance of 50 mm. The maximum convergence angle onto the sample is 3.7 and 1.6 mrad, respectively, for the vertical and the horizontal focusing mirrors. The KB optics have a limited acceptable aperture of only 130 mrad horizontally and vertically. Flux rates are in the range 10 6 ±10 7 photon s À1 mm À2 at $10 keV.
The Si(111) monochromator consists of two identical channel cuts in a +ÀÀ+ con®guration (Beaumont & Hart, 1974) . This arrangement has the property of directing the monochromatic X-rays along the same axis as the incoming white light. The two channel-cut crystals are mounted such that the rotation axis passes through the surface of diffracting surfaces 2 and 3. The energy range available with this monochromator and beamline is between 5.5 and 14 keV as limited by air absorption and the high-energy cut-off of the toroidal mirror ($50% re¯ectivity at 14 keV). The off-axis rotation of the crystals allows for them to be rotated out of the way so that white radiation can continue to the KB focusing mirrors. The four-crystal monochromator consists of two rotational stages onto which the two channel-cut crystals are mounted. For Bragg-angle changes the two stages rotate in opposite directions by means of a tape drive, which is driven by a linear slide. We ®nd that the instrument is able to scan in energy and remain on the rocking curve over the available photon energy range without the additional requirement of feedback. The monochromator and KB mirrors are placed inside a compact Plexiglas box ®lled with a helium atmosphere to improve thermal stability and reduce X-ray air scattering and absorption.
The sample sits on a ®ne XY piezoelectric stage (range of AE50 mm), which is mounted on a coarse XYZ Huber stage (range of AE5 mm in XY and AE10 mm in Z). The sample can also be mounted on a heating stage for experiments requiring high temperatures (up to 873 K). The diffraction patterns are collected with a SMART 6000 Bruker CCD (active area of 90 Â 90 mm). The sample is usually mounted in a 45 re¯ective geometry (see Fig. 1 ) with the CCD on a vertical slide at a distance of approximately 35 mm from the sample area illuminated by the beam. This allows for the collection of a large solid angle of the reciprocal space without having to move the detector. When illuminated with the white beam (energy range of 5.5±14 keV), a (111)oriented Al grain will give $15 re¯ections. Samples with larger lattice constants and lower symmetries give even more re¯ections (more than 100 for YBCO and sapphire, for instance).
Software
Laue (white-beam) patterns are extensively used to determine singlecrystal orientation with laboratory sources. At synchrotron sources, Laue diffraction has been used to analyze rapid reactions in complex molecules, such as enzymes and proteins (so-called time-resolved Laue diffraction) (Moffat, 1997; International Tables for X-ray Crystallography, 2000, Vol. F), but its use in the materials science community has so far been limited. Laue patterns obtained at synchrotron sources using submicrometer focused X-ray beams yield quantitative high-accuracy information on both orientation and strain within the illuminated volume. The potential to obtain accurate strain information from the Laue patterns obtained was ®rst addressed by a group at the Oak Ridge National Laboratory . However, in order to obtain orientation and strain maps, the mSXRD technique requires a fast on-line and totally automated code, which directly and iteratively downloads a series of collected CCD images, ®nds the re¯ection positions, indexes them, and calculates the orientation matrix and strain/stress tensor. We have developed such a software package called Schematic layout of the beamline and experimental region showing the diffracted X-rays collected by the CCD camera in the 45 re¯ective geometry. Source to 1:1 toroidal mirror distance is 16 m. Intermediate focus slits to KB mirror distance is 3.4 m. The focused X-ray spot size on the sample is 0.8 Â 0.8 mm.
X-MAS (X-ray microdiffraction analysis software), and it is under continuous development at the ALS. The detailed operation of this complex code will be described below. It is based on a previous algorithm described by . The CCD diffraction image ®rst receives image-intensity and spatial-distortion corrections (dark-current removal,¯ood-®eld correction, spatial correction). Peak positions are then automatically found using a peak-searching routine. Two-dimensional local maxima peak search routines have proved to be more ef®cient than convolution-based routines, especially in the case of complex-shaped peaks from plastically deformed samples. These peaks are classi®ed according to their integrated intensity and are then ®t to a twodimensional Gaussian, Lorentzian or Pearson VII function, which allows the instrument to achieve subpixel resolution on the position of the peaks on the CCD. This resolution is possible because the divergence of the beam and the tails of its Lorentzian pro®le allow several pixels to be illuminated for each re¯ection. The best ®t is usually obtained with a two-dimensional Lorentzian function. The accuracy to which the peak positions are ®t is one of the limiting factors for strain accuracy.
Once the peak positions are found, the pattern can be indexed with hkl Miller indices. For the indexing of the Laue pattern, a subset N of the most intense re¯ections is ®rst considered in the re¯ection list. Using the instrument geometry calibration procedure described below, the direction of the incident beam k in and the position of the illuminated area in the sample are known relative to the CCD camera position. The peak positions on the CCD allow the calculation of the outgoing re¯ected-beam directions k out . Assuming elastic scattering (i.e. |k in | = |k out |), the direction of the experimental scattering vector is
The angles between these q exp vectors are tabulated into aǹ experimental' list [N(N À 1)/2 items] and then compared with à reference' list of angles between theoretical scattering vectors q ref computed from the crystalline structure of interest and the energy bandpass of the polychromatic beam. The code looks for angular matches between triplets of re¯ections within an adjustable angular tolerance. Each triplet and their corresponding (hkl ) indices are then used to calculate a trial orientation matrix and a complete list of re¯ections that should be visible on the CCD for the considered energy bandpass, CCD dimensions and geometry. The best match is the triplet that is able to index the largest number of experimental re¯ections. Many considerations, such as crystal symmetry, structure factor and number N of selected experimental intense re¯ections, are used to limit the number of possibilities. For instance, for a Laue pattern taken on a single-crystal region, a small value of N is used (we know that all the most intense re¯ections are coming from the same grain), whereas in the case of a pattern taken in a polycrystalline region this N value should be increased to allow the algorithm to index a set of overlapping diffraction patterns coming from different illuminated grains. The main advantage of this algorithm is the possibility of automatically separating the contribution of different grains in a single pattern and of indexing overlapping diffraction patterns from randomly oriented grains. The use of triplets instead of pairs of re¯ections like in renders the algorithm more robust. The algorithm is able to differentiate and index more than ten overlapping grains. Knowing the positions of the re¯ections on the CCD, it is easy to calculate their Bragg angle if the exact position of the CCD with respect to the incoming beam and the point of`impact' on the sample are known (geometrical parameters). The number of independent parameters is ®ve: the X and Y coordinates of the`center channel' on the detector, the distance from this center channel to the`point of impact' on the sample, and two angular parameters describing the tilts of the detector with respect to the incoming beam direction. Two methods can be used to re®ne the geometrical parameters. The ®rst is a triangulation technique whereby several images are collected at different CCD distances from the sample and ray-traced back to the origin of the re¯ective beams. Moving the CCD, however, introduces a sixth parameter (translation angular direction of the CCD), which adds additional complications and errors. The second method uses a non-linear least-squares re®nement of a Laue pattern from a`calibration' sample. With this method all ®ve parameters are obtained and no CCD movement is required. An unstrained single crystal with no defects (short extinction length) and with suf®ciently large lattice constants to give enough re¯ections in the Laue pattern produces a good calibration. A (001)-oriented perfect silicon crystal would give 40±60 sharp re¯ections on the CCD. The ideal case is when the calibration crystal is directly part of the sample. For instance, in the case of thin ®lms deposited on a silicon substrate, the re¯ections from the relatively unstrained wafer underneath can be used for measuring the geometrical parameters. Re®nements of these parameters are obtained by minimizing the function
where th i and exp i are the theoretical and experimental values of the differences in angle between two scattering vectors q exp , and w i are weighting factors. This of course presupposes that the Laue pattern of the reference sample is properly indexed. The sum is over all pairs of re¯ections visible on the CCD.
The minimization procedure used for calibration can also be used for re®nement of the deviatoric strain tensor (unit-cell distortion).
Here we now have the geometrical parameters ®xed while the lattice parameters a, b, c, , , are¯oating. The distorted unit-cell parameters can then be obtained. White-beam patterns only allow the measurement of unit-cell distortions, not changes in the unit-cell volume (the dilatational or hydrostatic strain), so that only relative values of a, b and c can be re®ned. The transformation matrix t ij , which de®nes the transformation from the unstrained crystal vectors to the distorted unit-cell vectors, can then be derived. The t ij tensor contains both distortional components and rigid-body rotation terms. The rotational component is antisymmetric and can be eliminated by
where I ij is the identity matrix. 4 H ij is, by de®nition, the deviatoric strain tensor within the X-ray illuminated volume. ' ij C ijkl 4 kl X 6
In many cases, the measurement of the dilatational component is not necessary since the deviatoric part contains all the shear information relevant for the study of deformation. In the case of thin ®lms, the dilatational component can be estimated by de®ning a limiting condition on the out-of-plane stress. It can be assumed that ' zz = 0 for a blanket thin ®lm as it is unconstrained in the out-of-plane z direction. In cases where a knowledge of the dilatational component is necessary (for instance, in triaxially constrained materials), it can be obtained by measuring the energy of one re¯ection. This measurement is performed by scanning the monochromator and recording CCD diffraction images for each energy point. The monochromator energy at which the diffraction spot is the most intense de®nes the wavelength necessary to determine the lattice spacing .
Applications
mSXRD can be used to map orientation and strain/stress in thin single-crystal or polycrystalline ®lms with a grain size larger than 1 mm. The spatial resolution is nominally given by the step size used for the scans, which is generally slightly smaller than the actual beam size measured at FWHM. The resolution of the orientation maps can be increased by grain-pro®le interpolation. Since each grain is illuminated more than once in the scan, a discrete intensity pro®le of the shape of the grain can be obtained from a selected set of re¯ections. The boundaries of the intensity pro®le are not sharp because of the Lorentzian nature of the X-ray beam pro®le, and a grain is still visible (with a very low intensity) a few micrometers after its boundary has been crossed. By using linear interpolation, a grain pro®le shape (convoluted with the X-ray beam pro®le) is obtained. Grain boundaries are then obtained by intersecting the normalized grain pro®les of all grains.
The two examples described below are measurements on Al or Cu thin ®lms that were designed to simulate integrated-circuit interconnects and to study failure mechanisms due to the transport of metal atoms along the wire length when a very high current density is applied. This phenomenon is known as electromigration and generates high stress gradients in the wires (Blech & Herring, 1976) . The width of modern interconnects are typically in the micrometer and submicrometer range, and grain sizes are of the order of a few micrometers. Their dimensions are well matched to white-beam mSXRD experiments on individual lines. The capabilities of the technique were ®rst used to perform strain and orientation mapping both at room temperature and during a temperature cycle (see x4.1 below). A blanket-®lm experiment is particularly relevant for evaluating the technique, because data can be averaged over several grains and statistically compared with results obtained with strain/stress macro-measurement techniques, which do not have submicrometer spatial resolution. The technique was then applied to the study of electromigration-related failure, which is a more complex problem that is dependent on the line microstructure (x4.2).
Thermal stress measurements in Al(Cu) interconnects
The samples consist of patterned Al (with 0.5% wt Cu) lines (length 30 mm, thickness 0.7 mm, width 4.1 and 0.7 mm) sputter deposited on an Si wafer and buried under a glass (SiO 2 ) passivation layer (0.7 mm thick). As a comparison, data has also been taken on unpassivated Al (0.5% wt Cu) bond pads, which simulate blanket ®lms. Fig. 2 shows orientation and deviatoric stress maps on a 5 Â 5 mm region in the unpassivated pad ( Fig. 2a ) and on the 4.1 mm-wide ( Fig. 2b) and 0.7 mm-wide (Fig. 2c ) passivated lines. On the microscopic scale, the stress in the pad is far from homogeneous: the stress is triaxial (' H xx T ' H yy T ' H zz ) with local differences reaching 60 MPa. On the macro scale the stress in the pad appears to be on average biaxial and in tension (the average in-plane deviatoric stresses are h' H xx i 9 h' H yy i 9 22.7 MPa), which is consistent with macroscopic stress measurements using wafer curvature and conventional X-ray diffraction techniques. The absolute average biaxial stress can be calculated as h
The lines displayed local variations of 60±80 MPa in stress for the 4.1 mm line and up to 140 MPa for the 0.7 mm line. As the line gets narrower, the level of stress gets higher and, on average, shifts from biaxial to triaxial. The orientation maps in Fig. 2 show the change in the microstructure from polycrystalline in the pad and in the 4.1 mm line to`bamboo'-type for the 0.7 mm line. Fig. 3 shows a temperature-cycle curve obtained between 298 and 628 K by scanning a 9 Â 9 mm area of the unpassivated pad at each temperature step. The pad was annealed to 663 K prior to the experiment to eliminate relaxation effects. The curve was obtained by averaging the stress data over the scanned area and calculating the average biaxial stress using (7). The results show good agreement with the average stress±temperature curves obtained with conventional macrotechniques (Venkatraman et al., 1990) ; however, the mSXRD technique shows, on the local scale, a high degree of spatial complexity that macroscopic techniques are unable to resolve. The insets in Fig. 3 show the spatially resolved local variations of the stress as revealed by mSXRD at different temperatures. Large intergranular and intragranular stress variations have been measured, which indicate that local parameters such as grain orientation, grain initial stress, grain size and type of grain boundaries play a crucial role in explaining the inhomogeneous yielding mechanisms of polycrystalline thin ®lms during thermal cycling.
Temperature-cycling experiments between 298 and 618 K were carried out on similar samples . One striking feature observed for the unpassivated pad is that some grains already started to yield while still in the tensile region of the average stress± temperature curves, a behavior explained by the large distribution of stresses and yield stresses in the sample before the experiment .
This particular example shows the ability of mSXRD to provide quantitative data such as grain orientation, structure and stress at the local level in polycrystalline metallic thin ®lms, thus greatly improving our understanding of and the modeling of material mechanical properties.
Electromigration in damascene Cu interconnects
The samples consist of pure Cu interconnect lines (length 100 mm, thickness 1 mm, width 1.1 mm) passivated under a boron nitride layer. The interconnects were produced by the damascene technique, where the copper is plated out into open channels and then mechanically polished to the desired thickness. Fig. 4 shows a region of a copper interconnect that has undergone electromigration testing (Meier Chang, 2002) . Fig. 4(a) shows a high-voltage scanning electron microscope (HVSEM) image taken just after the electromigration test, near the anode end. There is a metal build-up region, indicated in the ®gure by a black circle, which appears as a slightly darker region in the image. The corresponding orientation and resolved shear stress maps of the same part of the line obtained by mSXRD are displayed in Figs. 4(b) and 4(c), respectively. The resolved shear stresses are calculated from the measured deviatoric stresses with consideration of the 12 independent {111}/h110i glide systems of Cu. The grain structure in that particular region of the line has a random out-of-plane orientation and a near-bamboo structure. The indices next to the map in Fig. 4(b) indicate the approximate out-of-plane orientation of some of the grains. At the location of the local buildup region, the resolved shear stress dramatically increases to reach a maximum value of about 600 MPa. The orientation map shows that metal has accumulated at the interface of a (111) bamboo grain just before the location of a (115) twin and after a series of small randomly oriented grains. Surface diffusion at the interface between Cu and the passivation layer is the dominant diffusion mechanism in Cu interconnects (Hu et al., 1999) . Surface diffusivity in Cu is highly anisotropic (Cousty et al., 1981) , thus a highly inhomogeneous diffusion path is generated for the atomic¯ow in Cu lines. In our particular example the small-grain regions and the (111) grains, because of their particular out-of-plane as well as in-plane orientations, are a fast diffusion path compared with the region of the (115) twin, where the surface diffusion channels happen to be almost perpendicular to the direction of the atomic¯ow. The region with the (115) twin therefore constitutes a bottleneck for atomic diffusion. A detailed mSXRD correlative study of metal accumulation and depletion areas with anisotropy of surface diffusivity in Cu lines was recently addressed (Meir Chang, 2002) . The width of the Bragg re¯ections also contains information on the dislocation density and provides an indication of the level of stress and plastic deformation inside a particular grain (Barabash et al., 2001) . The peak width of the (113) re¯ection is plotted in Fig. 4(d ) as a function of the position along the 2 mm-long (111) grain that contains the (115) blocking twin. The peak is clearly broader in the build-up region next to the twin boundary, which indicates local plastic deformation.
The above study shows that electromigration-induced failures in interconnect metal lines are highly dependent on the microstructure and initial stress state of the samples. The capability demonstrated by this technique to non-destructively probe local grain structure and stress is particularly relevant to the understanding of microstructurerelated failure mechanisms and to the prediction of where the line is likely to fail during service. This technologically important problem is shown to be much more complex when the line dimensions shrink to a size where microstructural local effects can no longer be neglected.
Other considerations of the m mSXRD techniques
mSXRD using a white microbeam can be used on a variety of different samples, especially thin ®lms. However, the applicability of the white-beam method is limited by the size of the polycrystal grains. In order to obtain a diffraction pattern with well de®ned re¯ection spots, the grain size must be larger than or of the order of magnitude of the actual beam size. For samples with very small grains (< 100 nm), the white-beam technique is not applicable and a Orientation and deviatoric stress maps for a 0.75 mm-thick Al (0.5% Cu) thin ®lm. Three structures are shown: a 5 Â 5 mm area within an unpassivated pad (a) and passivated lines of width 4.1 mm (b) and 0.7 mm (c). The gray-level differences between grains in the orientation map are correlated to their in-plane orientation. monochromatic beam must be used. The diffraction pattern is then a powder ring pattern, which can also be indexed. Using the sin 2 2 technique, the biaxial stress of the thin ®lm can be derived from the deviation of the powder ring shape from the unstrained lattice parameters. The analysis of the powder ring pattern can be fully automated in a similar way to the analysis of the white-beam Laue patterns, and strain/stress maps of thin ®lms would be a natural output of monochromatic mSXRD. This technique is currently under development at the ALS (Goudeau et al., 2002) . Concerning the resolution, two factors have to be taken into account: beam size and step size. A smaller white-beam spot size would increase the spatial resolution, and it was recently demonstrated that KBs can achieve 0.2 mm focus FWHM (Hignette, Peffen et al., 2001) . However, resolution is, up to a certain point, a function of the step size used for the scans, because the beam pro®le out of the KBs has typically a Lorenzian shape so that the core of the illuminated area is approximately an order of magnitude smaller than the actual beam size measured at FWHM. Using a 0.25 mm step size for the scans, we were actually able to see differences of orientation and strain with a greater resolution than would be expected from the actual FWHM beam size of 0.8 mm for our beam Other practical challenges concern the huge amount of generated data. Each CCD image consumes 2 MB of memory in 1024 Â 1024 binning mode, which requires us to use either large data-storage capacity or fast data reduction. The other current bottleneck for white-beam mSXRD is the data-collection time, which is currently limited on our station by the readout time of our CCD (several seconds), whereas the exposure time for a 1 mm-thick Cu ®lm only requires 0.1±1 s. A typical scan contains about 1000 data points, which represent a scan time of about 3 h. The replacement of the current system with a subsecond readout-time CCD, smaller pixel size and large active area (at least 100 mm) would shrink these scan times to about 20 min while increasing the strain sensitivity. Higher-powered computers and analysis algorithms with higher ef®ciency are among other practical considerations that can decrease the data-reduction time to match the collection time. The use of clusters for parallel computing of several diffraction patterns will allow users to have realtime outputs from their scans.
Conclusions
We have described the technique of scanning X-ray microdiffraction (mSXRD) and its application to two thin-®lm materials science problems. The technique has come about as a result of the availability of high-brightness synchrotron sources, fast large-area X-ray CCD detectors and high-speed on-line computing capabilities for data reduction. White-beam mSXRD can provide unique information on the orientation and stress of polycrystalline materials at the scale of their grain size, the so-called mesoscale (typically 0.1±10 mm). The technique is effectively able to probe in situ inter-as well as intragranular strain variations in materials experiencing external thermal or mechanical stress. The length scale reached by this technique is small enough to probe local intergranular strain and orientation variations while remaining large enough for statistical representation over a large number of grains, thus allowing macroscopic properties to be linked with microscopic ones. This link is particularly important Figure 3 Thermal cycling curve of a 9 Â 9 mm area of an Al (0.5% Cu) unpassivated pad. The plot shows the evolution of the average biaxial stress during the process. The inserts show the spatially resolved local stresses on the scanned area at eight different temperatures upon heating and cooling. Because of sample drift, the area of interest had to be repositioned at each temperature and is not exactly identical in each scan. The contour of one particular grain is outlined in each insert.
for high-performance modern materials, whose properties (such as strength) and failure mechanisms are highly dependent on their microstructure. The technique will develop over the coming years, and it is likely to yield important insights into the mesoscale properties of materials. These insights will have far-reaching importance in the understanding of matter, just as the macro X-ray diffraction technique has over the last century. In addition to the X-ray microdiffraction end station at the Advanced Light Source, two beamlines with similar white/monochromatic-beam capabilities exist at the Advanced Photon Source on undulator sources (Ice, Chung, Tischler et al., 2000; Ice, Chung, Lowe et al., 2000) , while an X-ray microdiffraction end station using virtually the same optics as the ALS has been implemented at the Pohang Light Source (beamline 1B2).
